Cloned homobasidiomycete TRP2 genes for Agaricus bisporus and Coprinus bilanatus were sequence-characterised. Both genes encode tri-functional proteins with activity domains for glutamine amidotransferase (GAT; G domain), indole glycerol phosphate synthase (InGP; C domain) and phosphoribosyl anthranilate isomerase (F domain). A conserved intron disrupts the GAT-coding sequence in both genes. Consensus amino acid (aa) signatures were identified for GAT and InGP, but in the latter 15-aa signature, one residue did not fit the previously defined consensus. Protein architecture and parsimony analysis with analogous proteins indicate domain organisation (NH 2 -G-C-F-COOH) was as for other filamentous fungi. The data do not support earlier suggestions that the three activity domains are detached in A. bisporus. ß
Introduction
The tryptophan biosynthetic pathway converts chorismate to tryptophan and in all organisms characterised involves seven catalytic activity domains designated A^G [1] . There are however some di¡erences in the genetic organisation of this pathway between diverse microorganisms. In the hitherto characterised ¢lamentous fungi, four genes encode the ¢ve enzymes that specify the seven catalytic activities. One of these genes encodes a tri-functional protein with activity domains for glutamine amidotransferase (GAT; G domain), indole glycerol phosphate synthase (InGP; C domain) and phosphoribosyl anthranilate isomerase (PRAI ; F domain). For example, in the ascomycete Neurospora crassa the trp1 gene encodes GAT, PRAI and InGP activities [2] , and the organisation of these domains (NH 2 -G-C-F-COOH) is, where examined, identical in functionally equivalent genes from other ¢lamentous fungi. Among the fungi, thus far, only the yeast Saccharomyces cerevisiae encodes PRAI from a single F domain gene [1] . In the bacterium, Escherichia coli, ¢ve genes are organised in a single operon, and a bifunctional trpC gene encodes InGP and PRAI [3] ; GAT activity is encoded by another bifunctional gene.
Tri-functional tryptophan genes 1 have been cloned from diverse ¢lamentous fungi including several ascomycetes, the basidiomycetes Coprinus bilanatus TRP2 [4] , Coprinus cinereus trp2 [5] , Flammulina velutipes TRP1 [6] , Phanerochaete chrysosporium trpC [7] , Schizophyllum commune TRP1 [8] and the zygomycete Phycomyces blakesleeanus TRP1 [9] . Several of these genes have been used to develop transformation systems and some have been expressed in heterologous hosts [5] . Reciprocal heterologous transformations by complementation of TRP2 genes were performed between C. bilanatus and C. cinereus [4, 10] . As part of a wider strategy to develop transformation of the cultivated mushroom Agaricus bisporus and to expedite the cloning of mushroom genes by heterologous expression, we identi¢ed cosmid clones harboring a putative A. bisporus TRP2 gene [11] . These A. bisporus cosmids and subclones were found to complement the E. coli trpC1117 mutation [12] , where production of PRAI was blocked.
However, the same DNAs failed to complement a variety of Coprinus trp2 mutations after integrative transformation [11] . It was not clear why the A. bisporus TRP2 clones did not express in C. cinereus and this was particularly surprising given the conserved organisation of tryptophan genes.
A possible explanation is that the genetic organisation of tryptophan biosynthesis in A. bisporus di¡ers from that of the previously characterised ¢lamentous fungi. This hypothesis is supported by the fact that recombinant A. bisporus clones with separate PRAI and InGP activities were previously identi¢ed through complementation of bacterial and yeast auxotrophs [13, 14] . To investigate this possibility further, the A. bisporus and C. bilanatus TRP2 genes were sequenced. The analyses of nucleic acid and deduced polypeptide sequences to identify catalytic activity domains and to determine TRP2 gene structure are described here.
Materials and methods

Homobasidiomycete cosmid libraries, TRP2 genes, plasmids and DNA sequencing
Cloning of the C. bilanatus TRP2 gene from a LoristX cosmid library and pCBT2 plasmid subclones have previously been described [4] . The A. bisporus TRP2 gene was recovered from a Lawrist cosmid library, the construction of which, and pABT2 recombinant TRP2 plasmids, is described elsewhere [11] . Double-stranded DNA (dsDNA) sequence of the C. bilanatus TRP2 gene was obtained using an oligonucleotide primer walking strategy with plasmid subclones pCBT2-C2 and pCBT2-X7. Cycle sequence reactions were performed as previously described [15] but using the ABI PRISM1 Ready Reaction Dye Deoxy Terminator kit (Applied Biosystems, Perkin-Elmer Corp., North Warrington, UK) and analysed on an ABI373 DNA sequencer at the University of Durham sequencing facility (Durham, UK).
The A. bisporus TRP2 gene was sequenced from two clones. The 2636-bp EcoRI fragment within pABT2-E1 was sequenced using a nested deletion strategy (S1 nuclease) from the ExoIII site at Lark Sequencing Technologies Inc. (Houston, TX, USA). Additional 3P-sequence was generated from a ca. 11.1-kb HindIII fragment in pABT2-H1 using the primer walking strategy adopted for the C. bilanatus gene. DNA sequences were assembled manually using alignments determined from the BestFit and Gap packages within the GCG Wisconsin software suite (Genetics Computer Group Inc., Madison, WI, USA). Sequences for the A. bisporus and C. bilanatus TRP2 genes have been deposited within the EMBL database as accessions AJ298077-8.
Novel promoter-TRP2 construct and transformations
The A. bisporus TRP2 gene was placed under regulation of a C. cinereus promoter. PCR was used to recover the 470-bp 5P-untranslated region promoter sequence from the C. cinereus L-tubulin gene [16] and to introduce restriction sites for cloning into a pBlueScriptII backbone (forward primer :
tccccgcgg(SacII)TTCAGTCTCCCTGGTTTT-GG; reverse primer: TCACcCATGg(NcoI)TGG-GAACGCGAGG) : mutated/additional bases indicated by lowercase italics, restriction sites underscored. The C. cinereus promoter was fused to directly replace the L-tubulin start codon with the ATG of a 2485-bp A. bisporus TRP2 PCR product (forward primer: ATATCCACCATGg(NcoI)CAGGAAT ; reverse primer: gctagctgatca(BclI)TGCGCTAGTCTAGCAGCTTAAC) and the 782-bp Aspergillus nidulans trpC [17] terminator (forward primer : CCGCGGGATCC(BamHI)ACTTAACG ; reverse primer: CTGCAGcTCGAG(XhoI)TGGAGATG). Protoplast-mediated transformation of C. cinereus trp2 auxotrophs was performed as previously described [11] .
TRP2 proteins and parsimony analysis
Predicted proteins were determined using the GCG program Translate. Functional domains were identi¢ed using Motifs within GCG and PIX at the UK Human Genome Mapping Project Bioinformatics Resource Centre (HGMP-RC) [18] . Protein molecular masses, iso-electric points (pI) and codon usage were assessed using the EditSeq and Protean packages within DNAstar (LaserGene Software; DNAstar Inc., Madison, WI, USA) and via the Codon Usage Database (Kazusa, Japan).
Homologies were determined using BlastP and FastaA search algorithms within GCG. Protein sequences were recovered for the E. coli G and E (anthranilate phosphoribosyltransferase) domains gene (P00904) ; the Cryptococcus neoformans F domain gene (P27710); the bifunctional C and F domains gene from E. coli (P00909) and Phytophthera parasitica (P24920); bifunctional G and C domains gene of Hansenula polymorpha (P09575) and S. cerevisiae (P00937) ; the tri-functional genes of the ¢lamentous fungi Aspergillus awamori (P18483), A. nidulans (P06531), Aspergillus niger (P05328), Cochliobolus heterostrophus (Q92411), F. velutipes (AB028647), N. crassa (P00908), Penicillium chrysogenum (P24773), P. chrysosporium (P25170), P. blakesleeanus (P20409) and the ¢ssion yeast Schizosaccharomyces pombe (Q92370). Multiple sequence alignment ¢les (MSFs) were prepared using the MegAlign package (DNAstar) via the Clustal V algorithm [19] . Phylogenies were developed using the Phylogeny Interface Environment at HGMP-RC and algorithms from the Phylip package [20] . MSF alignments were bootstrapped (n = 1000) and jumbled (n = 10) using Seqboot, parsimony analysis was conducted using Protpars and Consense. The most parsimonious tree was displayed using TreeView [21] . 
1). Internal lariat and consensus 5P-(G[T/C]NNG[T/C]) and 3P-([A/C/T]A[G/T])
boundary sequences [22, 23] were evident within the intron (Fig. 1) . The TRP2 gene has been located to A. bisporus chromosome II using CHEF gel and population linkage mapping techniques (S. Lodder, E. Legg and M. Loftus, unpublished data).
Sequencing the C. bilanatus TRP2 subclones generated 2843 bp of dsDNA (EMBL AJ298077). Within this, the 2552-bp C. bilanatus TRP2 ORF (156^2708 nt) was interrupted by a single intron (52 bp, 492^543 nt; Fig. 1 ). The C. bilanatus TRP2 intron also interrupted a codon triplet (alanine, GC[intron]T ; Fig. 1 ) and conformed to the intron consensus sequences de¢ned above. Functionally equivalent tryptophan biosynthetic genes from the ¢la-mentous ascomycetes have not been found to contain introns. Fig. 1 compares the TRP2 introns with analogous genes from F. velutipes and P. chrysosporium and shows that the intron location is conserved in these four homobasidiomycetes. Putative core promoter elements CAAAT (86^90 nt) and TATAAT (97^102 nt) were identi¢ed 71 bp and 60 bp upstream of the C. bilanatus TRP2 initiation codon.
TRP2 protein architecture
Predicted translation products for the A. bisporus and C. bilanatus TRP2 genes are compared with the F. velutipes and P. chrysosporium proteins in Fig. 2 . The A. bisporus TRP2 gene encodes a predicted protein of 801 amino acids (aa) (87.4 kDa, pI 6.52). The C. bilanatus TRP2 gene encodes a protein (832 aa, 89.4 kDa, pI 5.55) that is signi¢cantly extended at the COOH-terminal compared with the A. bisporus and P. chrysosporium (788 aa, 85.3 kDa, pI 6.52) products, but was smaller than the F. velutipes protein (875 aa, 93.6 kDa, pI 5.53).
Three functional activity domains were identi¢ed in both the A. bisporus and C. bilanatus TRP2 proteins (Fig. 2) , and the arrangement (NH 2 -G-C-F-COOH) was as for other ¢lamentous fungi [1] . Within the G domain, putative GAT type I signatures [24] were identi¢able (Fig.  2) . The 12-aa consensus signature de¢ned by the GCG Motifs package was identical in A. bisporus and C. bilanatus but di¡ered at the third residue when compared with the other two homobasidiomycetes. Putative InGP signatures [25] were also located within the C domains, but for A. bisporus and C. bilanatus, these did not meet the 15-aa consensus sequence de¢ned in GCG Motifs (
[LIVMFY][-LIVMC]xE[LIVMFYC]K[KRSP][ATK]SP[ST]xxx[LIVM-FYST])
. In both A. bisporus and C. bilanatus, the second residue, phenylalanine (F), did not ¢t the de¢ned consensus (Fig. 2) .
The A. bisporus protein was more similar to that of C. bilanatus (63.4% identity) than either the F. velutipes (60.0%) or P. chrysosporium (55.7%) proteins. The C. bilanatus protein was most similar to that of F. velutipes (65.7% identity) and had the least identity with the P. chrysosporium protein (61.3%). Conservation was higher towards the NH 2 -terminals and this was re£ected in the activity domains where the F domain was the most variable and the G domain the least variable (Fig. 2) .
Some minor di¡erences in the codon usage between the A. bisporus and C. bilanatus TRP2 genes were apparent. Two leucine triplets (CUA, UUA) used by A. bisporus were not found in the C. bilanatus gene. From the Codon Usage Database we have determined that triplets CUA and UUA are used within other Coprinus genes (C. cinereus; 70 gene-coding sequences). A comparison with A. bisporus (50 gene-coding sequences) indicates that there are no major disparities in codon usage between the two genera.
Phylogeny of tryptophan biosynthetic proteins
Protpars analysis [19] was performed to further investigate the relationship of A. bisporus and C. bilanatus TRP2 proteins to other functionally equivalent tryptophan biosynthetic proteins. The consensus tree displayed in Fig.  3 con¢rms that the homobasidiomycete TRP2 proteins are distant from those of the yeasts S. cerevisiae and H. polymorpha, and organisms in which the activity domains have become detached. The tri-functional proteins of the ¢la-mentous fungi cluster together in two major clades. The ascomycetes and ¢ssion yeast S. pombe form a clade distinct from the homobasidiomycete mushrooms and the zygomycete P. blakesleeanus. The divergence between ascomycetes and other ¢lamentous fungi has been seen in phylogenies based on other biosynthetic genes [26] . Divergence between the non-gilled resupinate P. chrysosporium and the gilled euagarics (e.g. A. bisporus and C. bilanatus) is supported by studies with rRNA genes [27] .
Heterologous TRP2 expression
The characterisation of the A. bisporus and C. bilanatus TRP2 genes described here has for both fungi yielded the ¢rst sequence data for a multifunction gene and con¢rms the presence and arrangement of three activity domains. Separation of the activity domains does not provide a satisfactory explanation of why the A. bisporus gene was not expressed in Coprinus transformations [11] . Earlier studies complementing mutations of E. coli and S. cerevisiae with A. bisporus recombinant clones [13, 14] may have been misleading. Truncated TRP2 clones could create the impression of detached domains in complementation tests. We have observed complementation of the E. coli trpC1117 mutation (F domain) where expression was most probably driven via the plasmid's E. coli lacZ promoter (unpublished data). It has also been found that trifunctional TRP genes from other fungi can have di¡ering capabilities to complement various E. coli mutations that do not always represent the activity domains present [2, 7] .
Intron structure and position are conserved within the A. bisporus and C. bilanatus genes and it seems unlikely that incorrect transcriptional splicing would occur. Although C. bilanatus TRP2 is the only biosynthetic gene to be characterised in this fungus, there is no evidence to suggest that codon usage di¡ers substantially between the Agaricus and Coprinus genera.
To con¢rm that a dysfunctional promoter was not preventing transcription of the heterologous gene in C. cinereus, the A. bisporus TRP2 was placed under the regulation of the L-tubulin constitutive promoter. The homologous L-tubulin promoter has been used to drive expression of other heterologous genes in C. cinereus [28] , and our PCR-derived promoter constructs have been shown to promote transcription of miscellaneous transgenes [29] . However, in this study as before [11] , complementation of Coprinus trp2 auxotrophies was not observed with any A. bisporus TRP2 constructs.
There are numerous reasons why a transgene may fail to express in a heterologous host, and examples have been discussed by several authors [30^33]. The fact that the A. bisporus TRP2 gene did not complement Coprinus trp2 auxotrophs is rather surprising considering experiments where other Agaricus genes have been expressed in C. cinereus [34] . 
